Thyroid hormone has long been thought to exert its primary effect in the peripheral tissues. Recent studies have indicated, however, that thyroxine may be converted to other products in these tissues before becoming metabolically active (1) (2) (3) (4) . Whether or not a subsequent alteration is necessary, it seems probable that the thyroxine must first be fixed in some form of physicochemical union, either on the surface of, or inside the cell, before it can exert its characteristic effect on the metabolism of the tissue.
Probably the most complete study of this sort has been carried out by Stadie on the binding in vitro of insulin to various rat tissues, particularly diaphragm (5, 6) . With respect to thyroxine and triiodothyronine, Hamolsky and Crispell and coworkers have studied the effect of plasma on the binding of these hormones to red blood cells in vitro (7) (8) (9) and Gross has reported similar studies relative to liver slices (10) .
Since one significant site of thyroid hormone localization seems to be the muscle mass of the body (11) , it should be of interest to study the binding in vitro of thyroxine to a specific tissue such as rat diaphragm. In fact, one such study has been reported by Hamolsky and Freedberg (12) who investigated differences in the rate of uptake by rat diaphragm of thyroid hormone from the plasma of normals and thyrotoxic patients. The purpose of this report is to present information on the nature of the binding phenomenon exhibited by rat diaphrgam in vitro, relative to thyroxine and triiodothyronine labeled with I"'.
MATERIALS AND METHODS
Hemidiaphragms from 200-Gm. male Sprague-Dawley rats were used throughout the experiment. All rats were bred in our labortory and maintained at a constant room temperature on Purina laboratory chow.
Diaphragms were removed from the rats after ether anesthesia, bisected, weighed and immediately immersed in 5 ml. of phosphate buffer (5) containing varying amounts of I'1-labeled l-thyrQxine or l-triiodothyronine2 and incubated at 37°C. in a Dubnoff shaker for varying periods of time according to the conditions of the experiments. After removal from the incubating beakers the hemidiaphragms were rinsed three times in 25 ml. of ice cold phosphate buffer. The first two rinses were always of 30 seconds' duration and the time of the third rinse varied as indicated in each experiment. After the third rinse, the tissue was dissolved in a constant volume of 30 per cent KOH and the radioactivity in the solution determined with a well-type gamma counter. Results are expressed in terms of micromoles bound per 100 mg. of diaphragm as determined by calculation from the specific activity of the labeled compounds used. Comparison studies, using NaI', were carried out under similar conditions.
All points in all experiments reported represent the average values for 12 hemidiaphragms. The range of values was wide in some instances (see Figure 1 ) and it was found necessary to use this number of hemidiaphragms to obtain statistically significant results. Both hemidiaphragms from the same animal were never used in the determination of a single point.
EXPERIMENTAL CONDITIONS AND RESULTS

Incubation time
In order to determine the effect of increasing time of incubation on the binding of thyroxine by rat muscle, hemidiaphragms were incubated with concentrations of I'51-labeled thyroxine ranging from 1.3 x 10-4 through 26.0 x 10-4 uM per ml. for intervals of 1, 5, 15, 30, 60, 120, or 240 minutes. The third rinse was of 30 minutes' duration in all cases. Figure 1 shows the results of this study when (Table I) shows that the per cent of available thyroxine-Il31 bound at any given time was independent of its concentration in the medium over the 240-minute period studied.
It is of some significance to point out that, regardless of the initial concentration of the hormone and despite rinsing for over 30 minutes, the concentration of thyroxine bound to diaphragm very closely approximated that in the medium within 15 minutes and clearly exceeded this amount by 30 minutes.
The role of thyroxine concentration
The above experiments were repeated and the results are presented in Figure 2 , wherein the con- 
Equilibrium studies
In a further attempt to elucidate the nature of the binding of thyroxine to muscle tissue, equilibrium studies were carried out using non-labeled thyroxine. Hemidiaphragms were incubated in buffer containing 1.3 x 10-4, 6.5 x 10-4 or 13.0 x 10-4 pM of thyroxine-Il3' per ml. for up to 120 minutes. The length of the third rinse was 30 minutes in all instances.
For each concentration, 12 hemidiaphragms were removed at the 15-minute point and assayed for radioactivity. At 60 minutes a second set of 12 hemidiaphragms was removed and assayed while a third set was rinsed twice for 30 seconds and transferred to an identical solution containing non-radioactive thyroxine. After an additional 60 minutes' incubation in this solution, the hemidiaphragms were rinsed for 30 minutes in buffer and the radioactivity determined as before. A fourth set was incubated in the radioactive thyroxine solution for the full 120 minutes. The results are presented in Figure 5 .
The results of this equilibrium study show that little or none of the thyroxine-Il3' bound to muscle during the first 60 minutes of incubation was lost 
Binding and washout of triiodothyronine
Since triiodothyronine has been shown to act much more rapidly than thyroxine in raising the oxygen consumption of both animals and man (13) (14) (15) (16) it seemed of interest to determine whether the binding of this compound by rat muscle differed from that of thyroxine. Hemidiaphragms were incubated as described previously in buffer containing 1.3 x 10-4 ,M of triiodothyronine-Il31 per ml. for periods of 1, 5, 15, 30, 60, 120 or 240 minutes and were rinsed 3 times, the third rinse lasting 30 minutes. The values obtained are presented in Figure 6 along with those from an identical experiment using thyroxine-I'31.
It is evident that triiodothyronine-IlJ3 is much more rapidly bound to rat diaphragm than is thyroxine-I131. Furthermore, with one exception and regardless of the incubation interval, the ratio (triiodothyronine bound/ thyroxine bound) is quite constant, varying from 2.4 to 2.7; the exception occurs at 240 minutes, the ratio dropping to slightly less than 2. Various explanations for this drop may be offered; it is significant, however, that by 240 minutes almost 30 per cent of the available hormone had been firmly bound and, reasoning from the data in Figure 3 , probably another 30 per cent was loosely entrapped in the tissue.
Washout studies similar to those carried out with thyroxine-I'3' were performed with triiodothyronine-I'31. Hemidiaphragms were incubated for 1, 5 and 15 minutes in buffer containing 1.3 x 10-4 uM per ml. of triiodothyronine-I'31. The third rinse was carried out for 15 utes. The results are presented in Figure 7 . Comparison with Figures 3 and 4 shows the washout curves for triiodothyronine-Il3' to be almost exactly parallel to those for thyroxine-I'31. The concentration of triiodothyronine-Il31 in the tissue was consistently higher than that shown in the thyroxine-Il3' concentration studies.
NaI'31 studies
It is important to establish, in relative terms, to what extent iodide-Il31 ion might influence the results presented in previous sections. Consequently, a study was conducted in which hemidiaphragms were incubated for various periods of time up to 240 minutes in buffer containing 6.5 x 10-4 ,uM per ml. of sodium iodide-I'l3. The third rinse was for 30 minutes. Figure 8 presents the results for this experiment; the curve for a similar experiment involving an equimolar concentration of thyroxine-I"3' is presented for comparison. The amount of NaI'3' bound to muscle was clearly different from the amount of thyroxine-Il'3 bound and was, in quantitative terms, insignificant.
Washout studies similar to the experiment represented by Figures 3 and 4 produced the results shown in Figure 9 . In the instance shown, the diaphragms were incubated for 120 minutes in medium containing 6.5 x 10-4 pzM NaI'3' per ml. and the third wash was of 15 tinued loss of NaI'31 from tissue as the rinsing period was prolonged; furthermore, the slope of this curve differed from those for thyroxine-I3' and triiodothyronine-Ils'. hormone relationship within tissues. In other words "the hormone must approach within molecular distance of the enzyme, otherwise it would be difficult to conceive how the hormone could affect enzymatic action" (17) . Thyroxine (and triiodo-THROXIME-Ie31 thyronine) must, therefore, first be bound in some fashion to, or within, the cell. The studies reported in this paper indicate that in the case of muscle, in vitro, binding does indeed occur. The observations presented here could not be explained on the basis of passive diffusion alone for the following reasons: 1) In the incubation time studies, it can be noted that the concentration of thyroxine- higher.
2) The washout studies showed that, although the initial loss of activity from the tissues was high, the curves level off after about 15 minutes of washing, indicating fixation of the remaining thyroxine-Il31 to the tissue. 3) Perhaps the most convincing evidence for true chemical binding is the equilibrium studies. It was demonstrated that little or no thyroxine-I13' was removed from the diaphragm by continued incubation in solutions containing equal concentrations of nonradioactive thyroxine. 4) The studies with triiodothyronine-Il3' and the marked difference between the uptake of this substance and thyroxine-Il3' by rat diaphragm indicate again that a specific binding occurred and that this was different in degree depending, perhaps, upon the physiological activity of the compound studied. Certainly, if only passive diffusion into the tissue was involved, one might expect little difference between these chemically similar compounds. The uptake and washout studies with NaI'3l, where binding by the tissue was far different in degree from that observed with thyroid hormone, lend further support to the concept of specific binding of thyroxine and triiodothyronine. It is of some interest to note that binding of these hormones to tissue is probably not the sole mechanism for their removal from the incubation medium. The two preliminary rinses for 30 seconds each removed the major portion of the labeled hormone that was held in the surface film of fluid on the diaphragm, yet it took more than 15 minutes to remove what appeared to be unbound thyroxine (Figures 3 and 4) from the tissue. In view of the fact that the initial values in these figures were also proportional to both the incubation time and concentration of hormone in the medium, it seems only reasonable to suggest that both thyroxine and triiodothyronine were actively transported from the medium into the cell where binding to cellular loci took place resulting in the firm fixation reported in these experiments. The remaining unbound hormone within the cell was available for diffusion back into the medium. Compartmentalization of this type within the cell has previously been reported in rat liver (18) .
The observation that triiodothyronine is much more rapidly bound to muscle tissue than is thyroxine corresponds well with observations in man that this substance acts four to five times as rapidly as thyroxine in raising the oxygen consumption of intact animals. After 120 minutes, for example, almost three times as much triiodothyronine-Il3' was incorporated as was thyroxine-I'31. However, since both substances are bound to the tissue this experiment neither supports nor contradicts the hypothesis that thyroxine must be converted to triiodothyronine before becoming physiologically active.
Finally, it would seem that since thyroxine and triiodothyronine are specifically bound to rat diaphragm, this observation may offer a convenient means of studying the effects of varying in vivo and in vitro conditions on the peripheral action of these compounds. Furthermore, the rate of active transport and binding of these hormones may be a factor of paramount significance in understanding the mechanism of their action. In this regard, it has been observed that an increased rate of peripheral degradation of thyroxine-Il3' was coincident with increased thyroidal activity in clinically euthyroid relatives of patients with Graves' disease (19) . The role of active transport and binding of thyroid hormone may well be one of the regulatory factors in maintaining the euthyroid state.
SUMMARY
Studies of the uptake of I'31-labeled thyroxine by rat diaphragm as a function of incubation time, hormone concentration in the medium and duration of rinsing, as well as equilibrium studies, are presented. When rat diaphragm was incubated in medium containing varying concentrations of thyroxine for increasing periods of time, the amount of the hormone bound was shown to be linearly related to the time of incubation at all concentrations. Similarly, a direct linear relationship between the amount of thyroxine available and the amount bound to tissue was demonstrated. Washout studies showed that, with prolonged rinsing, little thyroxine was removed from rat muscle. after the first 15 minutes of rinsing. Equilibrium studies, wherein hemidiaphragms were incubated first with labeled thyroxine and then transferred to solutions containing unlabeled material, showed no significant loss of initial radioactivity during incubation with the non-radioactive thyroxine. All of these observations indicate that thyroxine is indeed specifically bound to rat muscle tissue in concentrations far exceeding those in the incubating medium.
Similar incubation and washout studies were carried out with triiodothyronine. These studies showed not only that triiodothyronine was also specifically bound to rat muscle tissue but that this binding took place much more rapidly than in the case of thyroxine. When the hormone concentration was 1.3 x 10-4 FM per ml. triiodothyronineIl31 was bound to rat diaphragm 2.5 times as rapidly as was thyroxine-I'8l. This finding is in accord with previous observations regarding the relative rates of action of these two compounds in vsivo.
Comparison studies carried out with NaIT31 showed that, in equimolar concentrations, relatively insignificant amounts of this compound were taken up by rat diaphragm and that which was absorbed was readily removed by washing.
These investigations are discussed in relation to the mechanism of action of thyroxine and triiodothyronine.
